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Abstract—Dolomite, a natural adsorbent, was used for removal of Ag(T), Cu(I) and Co(II) from aqueous solutions.
Adsorption parameters including pH, temperature and contact time have been investigated to obtain adsorption mech-
anism. The results of experiments showed that adsorption of the metal ions increased by increasing pH values up to
5.5. The adsorption process was initially fast. Equilibrium isotherm data were analyzed using Langmuir, Freundlich
and Dubinin-Radushkevich isotherm models. Maximum adsorption capacity of Ag(I), Cu(Il) and Co(Il) was 1.34, 1.63
and 2.84 mg/g at 20 °C, respectively. Kinetic models including Lagergren first-order and pseudo-second-order were
used to test kinetic data. The results showed that pseudo-second-order has good agreement with experimental data.
Thermodynamic parameters of the process were also investigated at different temperatures. The negative values of
Gibbs free energy and enthalpy changes for Ag(I), Cu(Il) and Co(II) indicated the spontaneous and exothermic nature

of the adsorption process.
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INTRODUCTION

Contamination of heavy metal ions in water supplies has increased
over the last years as a result of over population and expansion of
industrial activities. Metal ions pollution has a harmful effect on
biological systems and does not undergo biodegradation. There-
fore, the elimination of toxic metal ions from aqueous solutions is
very important from environmental, economical and protection of
public health points of view [1,2].

Several treatment technologies such as adsorption, solvent extrac-
tion, precipitation, membrane filtration and ion exchange have been
developed to remove the metal ions from aqueous solutions. Among
these techniques, adsorption is a more useful, feasible and practical
method for metal ion removal than are other processes [3-8].

In the adsorption technique, different natural and synthetic ad-
sorbents were used to remove metal ions [9-14]. Synthetic adsor-
bents such as activated carbon have been used widely in wastewater
treatment applications throughout the world. In spite of their pro-
lific use, synthetic adsorbents remain an expensive material, since
higher the quality of these adsorbents, the greater their cost [15].
Therefore, this situation makes it no longer attractive to be widely
used in small-scale industries because of cost inefficiency [16,17].

Due to the problems mentioned previously, research interest into
the production of alternative adsorbents to replace the costly syn-
thetic adsorbents has intensified in recent years. Attention has been
focused on the various adsorbents which have metal-binding capac-
ities and are able to remove unwanted heavy metal ions from con-
taminated water at low cost. Because of their low cost and local
availability, natural materials are classified as low-cost adsorbents.
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There are many different natural minerals such as perlite, zeolite,
chitosan and clay or certain waste products from industrial opera-
tions such as fly ash, coal and oxides of minerals which have high
adsorption capacity and can remove metal ions from effluents at
reasonable costs [18-21].

On the other hand, natural sorbents are widely used in water and
sewage purification, ammonia and heavy metal ion removal, ion
exchange in radioactive wastewater treatment, removal of oil pol-
lution from water and adsorption of other components from liquid
and gaseous phases [22,23]. Clay minerals are considered very im-
portant adsorbents in natural water systems because of their high
surface area combined with the structural and pH dependent charge
developed on their surfaces. Low-cost adsorbents are still needed
and these should be easily regenerated or disposed of without sub-
stantial environmental impact. A review of more than 70 natural
and synthetic adsorbents and their potential uses for metal ions re-
moval has been reported [24].

The aim this study was to investigate the adsorption potential of
Iranian dolomite as a low-cost adsorbent in the removal of Ag(I),
Cu(Il) and Co(II) ions from aqueous solution. Adsorption experi-
ments were performed at different conditions to determine the opti-
mum parameter values for the maximum adsorption of Ag(I), Cu(Il)
and Co(II) ions from aqueous solutions. The Langmuir, Freundlich
and Dubinin-Radushkevich (D-R) models were used to describe
equilibrium isotherms. The adsorption mechanisms of Ag(I), Cu(Il)
and Co(I) onto dolomite were also evaluated in terms of kinetics
and thermodynamics.

EXPERIMENTS

1. Adsorbent Characterization
The dolomite sample used in this study was supplied from Tabriz
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(Iran). The dolomite was ground and sieved on a series of test sieves
and then it was directly used as adsorbent without any chemical

Table 1. Chemical composition of dolomite

and thermal treatment, as this would be the most economical com-
mercial product. The chemical composition of the dolomite used
in these experiments was determined by X-ray diffraction (XRD)
and it is summarized in Table 1. The structure of dolomite was de-
tected by XRD scanning in 2 theta range of 0-120 and the obtained

Compound Weight percentage (%) pattern was presented in Fig. 1. The specific surface area, average
CaO 74.26 particle size and bulk density of dolomite are determined, respec-
MgO 21.42 tively, as 1.82 m%/g, 20 um and 2.83 g/cn’.
Na,O 1.26 Dolomite is one of the many minerals that can be identified by
ALO, 1.09 FTIR, suggesting the technique might also be useful for identifying
SO, 0.85 minerals associated with peaks in lithic fragments. FTIR spectra of
Sc,0, 0.38 minerals display characteristic features that can be related qualita-
Fe,0; 0.22 tively to variations in the constituent minerals. Absorption features
7n 0.06 result from the detection of vibrational modes, i.e., lattice vibra-
TiO, 0.06 tions and/or molecular group vibrational modes. Qualitative min-
MnO 0.04 eral identification is possible because minerals have characteristic
Cuw,0 0.04 absorption bands in the midrange of the infrared, wave numbers
L o 4,000 to 400 cm™'. The typical diffuse reflectance FTIR spectrum
0ss on ignition 0.32 .. e
of the dolomite is shown in Fig. 2.
The dolomite group is composed of minerals with an unusual
1200 trigonal bar 3 symmetry. The amount of calcium and magnesium
1000 ‘ in most specimens is equal, but occasionally one element may have
[ a slightly greater presence than the other. Trace amounts of iron and
> 800 ‘ manganese are sometimes also present [25].
g 500 | ‘ Standards solutions of 1,000 ppm Ag(I), Cu(I) and Co(II) were
£ ‘ ‘ prepared using analytical grade AgNO,, CuCl, and Co(NO,),, respec-
400 - || | tively. The sample solutions may be prepared from respective stock
200 solutions.
o N | 2, Experimental Studies
0 : - : - Adsorption experiments were carried out using batch technique
0 20 40 60 80 100 120 due to its simplicity and reliability. In the experiments 1.0 g of dolo-
ZTheta mite was agitated with 100 cm® of the metal ion solution at 200 rppm
Fig. 1. XRD pattern of dolomite. in a mechanical shaker. The initial concentrations of Ag(I), Cu(II)
100
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Fig. 2. FTIR spectra of dolomite, note that the absorption features at 3,445, 2,628 and 718 cm™' are characteristic of dolomite.
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and Co(II) metal ions were 10, 20, 30, 40 and 50 ppm for studying
the adsorption isotherm. The kinetic data were collected at 5, 10,
15, 30, 45, 60, 90, 120, 240 and 360 min to determine optimal contact
time. To study the dependence of removal efficiency on pH, experi-
ments were conducted in the pH range 2.5-8.5. The initial solution
pH values were adjusted using 0.1 M HNO; or 0.1 M NaOH solu-
tion. The effect of temperature on the adsorption capacity of adsor-
bent was determined by using four different temperatures (20, 30,
40 and 50 °C). The aqueous samples were analyzed by using induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES).
The adsorption capacity of adsorbent was calculated through the
following equation:
(C,-C)V

Q=" M
Where q, is the adsorption capacity (mg/g), C; is the initial metal
ion concentration (ppm), C, is the equilibrium metal ion concentra-
tion in solution (ppm), m is the mass of adsorbent used (g) and V
is the volume of the solution (L™"). The adsorption percentage of
metal ions was calculated as follows:

Adsorption (%)= C’—(_:Cfx 100 (#))
Where C; and C, are the initial and final metal ion concentrations,
respectively. The average absolute value of relative error, AARE,
is used to compare the predicted results with the experimental data.
This is defined as follows:

[Predicted value — Experimental value] 3)

1<
AARE=—
N§| Experimental value |

in which N is the number values of data points.
RESULTS AND DISCUSSION

1. Effect of pH

The pH parameter is one of the most important factors affecting
the adsorption process [26]. The hydrolysis of metal ions is, in gen-
eral, a function of both total metal ion concentration and pH. There
are two distinct roles that concentration can play in the hydrolysis
of metal ions: higher metal concentration lowers pH, thus repress-
ing hydrolysis, and higher metal concentration increases the ten-
dency to form polynuclear hydroxo complexes [27-29]. The effect
of pH on the adsorption of Ag(I), Cu(Il) and Co(II) onto dolomite
was studied at pH 2.5-8.5.

As calcium oxide and magnesium oxide are the principal com-
ponents of the adsorbent (Table 1), the differences between metal
sorption capacities may be due to their affinity to the surface of them.
The theoretical analysis of metal sorption on calcite surface is com-
plex. It is well known that the adsorption of heavy metal ions by
natural sorbents is dependent on pH, which extremely affects the
ion exchange reactions and complexation as well physisorption pro-
cesses [1].

The adsorption capacity of metal ions removed from solution
versus pH is shown in Fig. 3. The adsorption of Ag(I), Cu(Il) and
Co(II) ions was highly dependent on the initial pH of heavy metal
ions solution because pH influences the metal speciation and changes
the charge in the adsorbent [27,28]. The pH experiments were carried
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Fig. 3. Effect of pH on the adsorption of Ag(I), Cu(Il) and Co(II)

onto dolomite, C[Ag(D];,:,=10 mg/L, C[Co(ID)];,,~10 mg/
L, C[Cu(D)];,:=10 mg/L, T=293 K, adsorbent concentra-
tion (m/V)=0.1 g/L, contact time t=120 min.

out at metal ions concentration 10 ppm, adsorbent concentration
1.0 g'L', temperature 293 °K and contact time 120 min.

At low pH values (pH<4), the low adsorption observation can
be explained due to increase in positive charge density on the surface
sites and, thus, electrostatic repulsion occurs between the metal ions
and the edge group with positive charge (Ca,Mg-OH;) on the surface
[25,30-32].

—(CaMg)OH+H-OH—E

(CaMg)OH;+OH- @

An increase in the adsorption occurred at pH 4-6 due to a decrease
in positive charge density on dolomite surface sites, therefore decreas-
ing the effect of electrostatic repulsion [18].

-(CaMg)OH<>—(CaMg)O +H" )
—(CaMg)O +M*" —>—(CaMg)O+M" ©)

Where M is metal ion (Ag(I), Cu(Il) or Co(I)). The maximum
Ag(I), Cu(Il) and Co(II) adsorption was observed at pH 5.5. In the
experiments, at higher pH values than 5.5, metal precipitation ap-
peared and adsorbent deteriorated with accumulation of metal ions.
Therefore, pH 5.5 was selected to be the optimum pH for further
experimental studies.

0 50 100 150 200 250 300 350 400

Time {min)

Fig. 4. Effect of contact time on the adsorption of Ag(I), Cu(I) and
Co(II) ions by dolomite, C[Ag(D)],,..,=10 mg/L, C[Co(ID)],,;
=10 mg/L, C[Cu(I)];,+,~10 mg/L, T=293 K, adsorbent con-
centration (m/V)=0.1 g/L, pH=5.5.



Characterization of Ag(I), Co(II) and Cu(II) removal process from aqueous solutions using dolomite powder 175

2. Adsorption Kinetics

To find the equilibrium time for the maximum uptake of Ag(1),
Cu(II) and Co(II) on dolomite, the adsorption of the metal ions on
dolomite was studied as a function of contact time. The results of
kinetic data are shown in Fig, 4. As shown, the adsorption is very
fast at initial contact time. The equilibrium was attained after shak-
ing for 120 min. The adsorption kinetics were studied at pH 5.5,
metal ions concentration 10 ppm, adsorbent concentration 1.0 g-L™'
and temperature 293 °K.

To investigate the mechanism of adsorption, kinetic models are
generally used to test experimental data. Lagergren first order and
Ho et al.’s pseudo-second-order rate equations were used to describe
the kinetics of Ag(I), Cu(IT) and Co(Il) ions adsorption onto dolo-
mite [13,33]. The first-order Lagergren rate equation used by re-
searchers to study the kinetics of heavy metal ion adsorption is as
follows:

In(q.—q)=Inq.~ kit (7

Where g, (mg/g) is the amount of the metal ions adsorbed at t (min)
and k; is the rate constant of the adsorption (1/min). The values of
k, and q, can be calculated from the intercept and slope of the plots
of In(q,—q) versus t.

The pseudo-second-order kinetic model equation is expressed
as [33]:

dq_ e
dt —kz(qe qt) (8)

Where k, is the rate constant of pseudo-second-order adsorption.
For the same boundary conditions the integrated form becomes:

t 1 1
= =t
q kzq; e

©

If second-order kinetics is applicable, the plot of t/q against t should
give a linear relationship, from which q, and k, can be determined
from the slope and intercept of the plot. Rate constants with model
correlation coefficients and AARE values are given in Table 2. Figs.
5 and 6 show the nonlinear form of Lagergren first-order and pseudo-
second-order for the adsorption of Ag(I), Cu(II) and Co(II), respec-
tively. The results indicated that adsorption fitted well with the pseudo-
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Fig. 5. First-order kinetic model for Ag(I), Cu(Il) and Co(Il) ad-
sorption onto dolomite, C[Ag(D)];,:,,=10 /L, C[Co(ID)];.iu=
10 mg/L, C[Cu(ID)];,,=10 mg/L, T=293 K, adsorbent con-
centration (m/V)=0.1 g/L, pH=5.5.
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Fig. 6. Second-order kinetic model for Ag(I), Cu(II) and Co(II) ad-
sorption onto dolomite, C[Ag(D)],,.,~10 mg/L, C[Co(ID)],,.™
10 mg/L, C[Cu(ID)];,;,~=10 mg/L, T=293 K, adsorbent con-
centration (m/V)=0.1 g/L, pH=5.5.
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Fig. 7. The linear second-order kinetic sorption data for Ag(I),
Cu(II) and Co(II) adsorption onto dolomite, C[Ag(D)];i.—
10mg/L, C[Co(ID];,=10 mg/L, C[Cu()];,;,~10 mg/L,
T=293 K, adsorbent concentration (m/V)=0.1 g/L, pH=5.5.

second-order kinetic model.

Fig. 7 shows Ho’s linear plot of pseudo-second-order model for
the kinetics of Ag(I), Cu(Il) and Co(II) adsorption on dolomite. The
kinetic parameters for the adsorption of Ag(I), Cu(Il) and Co(II)

Table 2. Kinetic parameters for the adsorption of Ag(I), Cu(Il) and
Co(II) ions onto dolomite based on the first-order and pseu-
do-second-order models

Kinetic model Ag(D) Cu(II) Co(IT)
Qetepy (M) 0.49 0.73 0.927
Lagergren first order

k; (min™") 0.129 0.101 0.130
Qurear) (ME/2) 0.458 0.664 0.851
R? 0.838 0.855 0.837
AARE% 6.892 7.847 7.058
Pseudo-second order

k, (g/mg min) 0413 0.204 0.220
Qurear) (ME/E) 0.489 0.720 0912
R? 0.983 0.980 0.979
AARE% 2211 2911 2319
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onto dolomite are summarized in Table 2. An analysis of the data
in Table 2 indicates that the kinetics of adsorption of Ag(I), Cu(Il)
and Co(II) can be explained more accurately by the pseudo-second-
order kinetic model. The values of correlation coefficient (R?) and
average absolute value of relative error (AARE) obtained for the
pseudo-second-order kinetic model are better than that of Lager-
gren first-order kinetic model.
3. Adsorption Isotherm

The Langmuir isotherm applies to adsorption on completely homo-
geneous surfaces with negligible interaction between adsorbed mole-
cules. The Langmuir model suggests monolayer sorption on a homo-
geneous surface without interaction between sorbed molecules. This
model can be written in non-linear form as follows [34]:

C. 1 C.
= +

- 10)
d KiGw Qu (

Where g, is the amount of metal ion sorbed onto dolomite, K; and
q,, are Langmuir constants representing the equilibrium constant
for the adsorbate—adsorbent equilibrium and the monolayer capac-
ity. The Langmuir isotherm parameter was determined by least-
squares fit of the sorption data. g, and K, were determined from
the slope and intercept of the Langmuir linear form plot. The values
of the parameters were presented at different temperature in Table
3. The isotherm experiments were carried out at pH 5.5, metal ion
concentration 10 ppm, adsorbent concentration 1.0 g-L"', tempera-
ture 293 °K and contact time 120 min.

The Freundlich isotherm model proposes a monolayer sorption
with heterogeneous energetic distribution of active sites, accompa-
nied by interactions between sorbed molecules. The Freundlich model
is [35]:

Ing,=Ink +ninC, )

Where k; is a constant relating the sorption capacity and n is an em-
pirical parameter relating the sorption intensity, which varies with
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the heterogeneity. The values of Freundlich constants together with
the correlation coefficients and AARE values at different tempera-
tures are presented in Table 3.

Dubinin-Radushkevich does not assume an energetically homo-
geneous surface and proposes a nonhomogenous distribution of ad-
sorption sites. In particular, it assumes that the ionic species bind
first with the most energetically favorable sites and that multilayer
adsorption then occurs. The linear form of D-R isotherm model [36]:

12)

Where g, is the theoretical saturation capacity, £is a constant related
to the mean free energy of adsorption per mole of the adsorbate, £
is the Polanyi potential (=RTIn(1+1/C,)), C, is the equilibrium con-
centration of adsorbate in solution, R (8.314 J/mol'K) is the gas
constant and T is the absolute temperature. The values of q,, and S
were determined by plotting Ing, versus &* and presented in Table
3. The constant £ gives an idea about the mean free energy E of
adsorption per molecule of the adsorbate when it is transferred to
the surface of the solid from infinity in the solution and can be cal-
culated from the relationship [36]:

Ing.=Inq,— B¢’

po L

.
The magnitude of E is useful for estimating the type of adsorption
process (physical or chemical). If the E value is between 8 and 16
kJ/mol, the adsorption process follows by chemisorption and if E<
8 kJ/mol, the process is a physisorption. Therefore, the results in
Table 3 show that the adsorption of Ag(I), Cu(Il) and Co(II) onto
dolomite is a physisorption.

Figs. 8, 9 and 10 show the comparison of experimental data with
the g, values obtained by applying Langmuir, Freundlich and D-R
models for adsorption of Ag(I), Cu(Il) and Co(II), respectively. In
the figures, it is clear that the experimental results fitted well with
Langmuir model.

(13)

Table 3. Langmuir, Freundlich and D-R constants for adsorption of Ag(I), Cu(II), Co(II) on dolomite at different temperature

293 (°K) 308 (°K) 323 (°K)

Isotherm models

Ag(D) Cu(II) Co(II) Ag(D) Cu(Il) Co(II) Ag(D) Cu(Il) Co(IT)
Langmuir model
K, 0.104 0.272 0.694 0.063 0.176 0414 0.021 0.076 0.214
q,, (mg/g) 1.342 1.629 2.842 0.749 1.142 2.187 0.519 0.967 1.326
R? 0.993 0.985 0.997 0.984 0.995 0.979 0.952 0.976 0.995
AAER% 2.228 3.003 2.134 3.651 1.193 4.305 12.329 4.448 1.239
Freundlich model
K, 0.276 0.593 1.305 0.109 0.364 0.882 0.009 0.165 0.458
n 2.627 3.700 3.984 2.297 3.532 3.792 1.144 2.459 3.687
R? 0.992 0.983 0.937 0.939 0.955 0.969 0.926 0.915 0.955
AAER% 2.470 3.189 9.494 7.321 4.529 5.034 12.54 8.580 4.631
D-R model
g 2e-8 le-8 le-8 2e-8 2e-8 le-8 4e-8 3e-8 le-8
E (kJ/mol) 5.0 7.07 7.07 5.0 5.0 7.07 3.54 4.08 7.07
q,, (mg/g) 1.279 1.603 3.040 0.707 1.10 2.206 0.401 0.873 1.292
R? 0.996 0.994 0.996 0.987 0.997 0.995 0.983 0.991 0.996
AAER% 7.145 3.828 3.044 8.22 7.20 1.678 6.032 6.47 8.502
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Fig. 8. Isotherm models of Ag(I) ion adsorption onto dolomite, C
[Ag(D)];.iia=10 mg/L, T=293 K, adsorbent concentration (m/
V)=0.1/L, pH=5.5, t .. 120 min.
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Fig. 9. Isotherm models of Cu(Il) ion adsorption onto dolomite,
C[Cu(D)];,.z=10 mg/L, T=293 K, adsorbent concentration
(m/V)=0.1 g/L, pH=5.5, t_,,.... =120 min.

The shape of the isotherm can also be considered when predict-
ing whether an adsorption system is favorable or unfavorable. The
essential characteristic of a Langmuir isotherm can be expressed in
terms of a dimensionless separation factor or equilibrium parame-
ter R,, which is defined by the following equation [18]:

1
R= 1+K,C, (14)

According to the value of R,, the isotherm shape may be inter-
preted as given in Table 4. As shown in Table 5, the adsorption of
Ag(I), Cu(Il) and Co(II) ions onto dolomite is favorable.

A comprehensive coverage of different adsorbents under differ-
ent environmental conditions can be found in the format of several

35
3+ =
25
®
o
E
@ 15 # Coisotherm data
1 Langmuir
o5 = « =Freundlich
====D-R
0
0 5 10 15 20 25 30

C. (mg/L)

Fig. 10. Isotherm models of Co(II) ion adsorption onto dolomite,
C[Co(ID)];1i=10 mg/L, T=293 K, adsorbent concentra-
tion (m/V)=0.1 g/L, pH=5.5, t.,,.., 120 min.

Table 4. Separation factor for shape of isotherm

Value R, Type of adsorption
R>1.0 Unfavorable
R=1.0 Linear

0<R<1.0 Favorable

R=0 Irreversible

Table 5. Dimensionless separation factor of Ag(I), Cu(II) and Co(II)

Metal R,

ions 293 °K 308 °K 323 °K
Ag(l) 0.198-0.665 0.262-0.671 0.504-0.837
Cu(Il)  0.095-0.577 0.124-0.545 0.235-0.654
Co(Il)  0.059-0.689 0.076-0.641 0.109-0.542

publications. It may be seen that q,, values differ widely for differ-
ent adsorbents. The adsorption capacity of different adsorbents for
adsorption of Ag(I), Co(Il) and Cu(II) are presented in Tables 6, 7
and 8 respectively. From Tables 6, 7 and 8, it can be concluded that
dolomite exhibits moderate adsorption capacity toward Ag(I), Cu(Il)
and Co(II) ions. The fresh adsorbent price and the cost of regenera-
tion/disposal of adsorbent are important issuesthat must be consid-
ered when selecting an adsorbent.

The comparison of the experimental adsorption capacity obtained
in this study with the data in the literature for various adsorbents
shows that dolomite is an effective sorbent of metal ions. These levels
are similar to the achievable effluent levels of metal ions for a variety
of wastewater treatment processes such as ion exchange and reverse

Table 6. Comparison of adsorption potential of various adsorbents for Ag(I) removal from aqueous solutions

Adsorbent Ag() q,, (mg/g) Ref. Adsorbent Ag() q,, (mg/g) Ref.
Expanded perlite 8.46 [18] Zeolite 33.2 [37]
Peat 10.8 [38] Coke 4.9 [38]
Multisorb 36.1 [38] Bituminous coal 6.4 [38]
Clinoptilolite 33.23 [40] Low-rank Turkish coals 1.87 [39]
Dolomite 1.34 This work

Korean J. Chem. Eng.(Vol. 30, No. 1)
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Table 7. Comparison of adsorption potential of various adsorbents for Co(II) removal from aqueous solutions

Adsorbent Co(Il) q,, (mg/g) Ref. Adsorbent Co(Il) q,, (mg/g) Ref.
Hydroxyapatite nanoparticles 38 [1] Bentonite 22.0 [9]
Activated carbon 13.9 [10] Attapulgite 0.16 [11]
Lemon peel 22.0 [12] Natural vermiculite 49.5 [40]
Kaolinite 0.92 [41] Modified lignin 7.1 [42]
Soil 1.5 [43] Marine bacterium 4.38 [44]
Nedalco sludge 11.71 [45] Eerbeek sludge 12.34 [45]
Coir pith 14.07 [46] Brown seaweed 20.63 [47]
MRA 35 [48] Protonated alginate beads 35 [49]
Industrial waste and its cement fixation 35 [50] Cross-linked calcium alginate beads 1.38 [51]
Dolomite 2.84 This work | Graphene oxide nanosheets 68.2 [27]

Table 8. Comparison of adsorption potential of various adsorbents for Cu(Il) removal from aqueous solutions

Adsorbent Cu(l) q,, (mg/g)  Ref. | Adsorbent Cu(Il) q,, (mg/g) Ref.
Dolomite 8.26 [1] | Shells of lentil 9.59 [13]
Shells of rice 2.95 [13] | Shells of wheat 17.42 [13]
Expanded perlite 1.95 [18] | Peat 12.1 [16]
Composite chitosan biosorbent 86.2 [19] | Composite chitosan biosorbents 86.2 [19]
fired coal fly ash 20.92 [20] | Peat 6.2 [38]
Multisorb 8.3 [38] | Coke 3.1 [38]
Bituminous coal 1.37 [38] | Turkish bentonite 2.62 [52]
Clay 12.84 [53] | Unexpanded perlite 1.01 [54]
Unexpanded perlite 0.51 [54] | Expanded perlite 8.26 [55]
Expanded perlite 0.26 [56] | Low-rank Turkish coals 1.6 [57]
Red mud 53 [58] | Dye loaded sawdust 8.07 [59]
dye loaded groundnut shells 7.60 [59] | Tebengau (rice soil) 0.83 [60]
Idris (rice soil) 0.59 [60] | Anaerobically digested sludge 49.0 [61]
Chitosan flakes 20.9 [62] | Eutrophic peat 19.6 [63]
Treated G. lucidum 64.5 [64] | Amorphous iron hydroxide 14.0 [65]
Calcium-alginate 15.8 [66] | Sphagnum moss peat chitosan 16.8 [66]
Activated slag 35.3 [67] | Chitosan acetate crown ethers 31.3 [68]
Cross-linked chitosan 80.0 [69] | Grafted chitosan crown ether 41.3 [70]
Chitosan chelating resins 139.2 [71] | Chitosan-sulfonic acid resin 94.1 [72]
Chitosan 174.8 [73] | Amidoxime chitosan resin 153.2 [74]
Metal imprinted chitosan 56.5 [75] | Ether cross-linking chitosan 82.4 [75]
Beads of chitosan cross-linked with 59.6, [76] | Chitosan beads 80.7 [76]

glutaraldehyde, epichlorohydrin 62.45, Multiwalled carbon nanotubes 6.19 [77]

and ethyleneglycol diglicidyl ether 459 Nanostructured titanium oxide 52.63 [78]

Dolomite 1.63 This work

Table 9. Thermodynamic parameters of Ag(I), Cu(II), Co(II) adsorption onto dolomite

Metal AH’ AS’ AG’ (kJ mol™)

ion (kJ mol™) (J mol"' K™) 20°C 30°C 40°C 50°C

Ag -41.90 —64.60 -22.97 -22.33 -21.68 -21.04

Cu -33.25 -31.74 -23.95 -23.63 —-23.31 -22.99

Co —-30.80 -16.57 -25.95 -25.78 -25.61 —2545
osmosis. The sorbent used in this study has a number of constitu- more readily.
ents, the presence of which may explain the variation in the metal 4. Adsorption Thermodynamics
ion adsorptive capacities. In terms of electropositivity, conventional In the adsorption processes, energy and entropy factors must be
theory states that metal ions of lower electropositivity should adsorb considered in order to determine which process will occur sponta-
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neously. From the variations of K, with temperature, the integral
heat of adsorption can be calculated using the van’t Hoff equation
[79]:

InK, =22 -2 (15)

To investigate these parameters for our present system, adsorption
kinetics were undertaken at 20, 30, 40 and 50 °C, from which the
equilibrium constants, K, were evaluated. A plot of InK,, as a func-
tion of 1/T is illustrated in Fig. 11. From this linear relationship,
AH’ and AS’ can be calculated from the slope and intercept, respec-
tively. Gibbs free energy (AG’) may be written in terms of entropy
and enthalpy:

AG’=AH’-TDS’ (16)

The values of AG”, AH’ and AS’ are summarized in Table 9. The
values of Gibbs free energy (AG”) can be calculated directly from
Eq. (18). The AG’ versus temperature is shown in Fig. 12. The nega-
tive AG’ values indicate adsorption of Ag(I), Co(II) and Cu(II) are
thermodynamically feasible and naturally spontaneous at 20-50 °C.

The negative value of the standard entropy, AS’, suggests decreased

11

— |

T

10 /

Ln(Kp)
@

* Ag
ECu
Co

3 31 3.2 33 34 35
1000/T

Fig. 11. InK,, vs. 1/T for estimation of AH’ and AS’, T=20, 30, 40
and 50°C, C[Ag(D)];,x~10 mg/L, C[Co(ID)];,;:,~10 mg/L,
C[Cu(ID)];,=10 mg/L, adsorbent concentration (m/V)=0.1
g/L, pH=5.5, t,,,,,=120 min.

-20
-22 /
T l—-"."’.—’.
2 S
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Fig. 12. Gibbs free energy (AG’) vs. temperature, T=20, 30, 40 and

50°C, CIAg(D]11=10 mg/L, C[Co(ID];,,~10 mg/L, C[Cu
(ID];,7=10 mg/L, adsorbent concentration (m/V)=0.1g/
L, pH=5.5, .. =120 min.

randomness at the solid/solution interface during the sorption Ag(l),
Cu(II) and Co(II) ions onto dolomite. The change of the standard
free energy increases with increase in temperature, which indicates
that an increase in the temperature tended to decrease the adsorp-
tion capacity. The negative value of AH” again indicates the exo-
thermic nature of the adsorption process. To summarize, these ther-
modynamic data indicate the adsorption process was exothermic.

CONCLUSION

The adsorption mechanism of Ag(I), Cu(Il) and Co(II) onto dolo-
mite was investigated both experimentally and theoretically. The
adsorption was found to be dependent on pH, temperature and con-
tact time. The optimum pH for the adsorption of the metal ions was
found to be 5.5. The kinetic results indicated that the rate of adsorp-
tion of these metal ions was rapid and the data fitted well with the
pseudo-second-order kinetic model. Also, equilibrium was attained
after shaking for 120 min. Isotherm analysis of the data showed that
the adsorption pattern of the metal ions onto dolomite followed the
Langmuir model. Using the Langmuir model equation, the maxi-
mum capacity of dolomite was found to be 1.34, 1.63 and 2.84 mg/
g for Ag(I), Cu(Il) and Co(Il) ions, respectively.

The values of separation factor (Table 5) for all ions showed that
the adsorption of Ag(I), Co(IT) and Cu(II) ions onto dolomite is fa-
vorable. Comparison of maximum adsorption capacity of dolomite
with other adsorbent shows that dolomite exhibits moderate adsorp-
tion capacity toward Ag(I), Co(Il) and Cu(Il) ions. The experimental
kinetic data were tested using kinetic models. The results showed
that the pseudo-second-order rate equation best described the kinetic
data of Ag(I), Co(Il) and Cu(1) ions. Thermodynamic parameters
depicted the exothermic nature of adsorption and the present adsorp-
tion processes were feasible and naturally spontaneous at 20-50 °C.
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